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INTRODUOTION
D-Glucaric acid is the dicarboxylic acid analogue of D-glucose,
formerly known as aaccharic acid.

While it is known to have been i1olated

from natural sources, it can be synthesized from the oxidation of glucuron1c
acid or trom glucuronolactone.
As early as

1927, glucaric acid was isolated from a culture medium, in

which it had been produced by Aspergillus niger growing on glucose as its
sole carbon source.

This occurrence was reported by Challenger, Subramon1an,

and Walker (1).
It had been demonstrated a year earlier, in 1926, by den Dooren de
Jong (2), that a wide variety of bact.erial species could grow utilizing
glucaric acid as their sole carbon and energy source.

Other investigators

subsequently demonstrated the ability of certain bacterial species to
metabolize glucaric acid.

Such was the work done by Kay (}) in 1926 using

Escherichia coli as the experimental organism, and that of Simon
using Olostridium acetobutylicum.

(4) in 1947

It is of interest to note that these

various micro-organisms did not produce the same end-products as the result
of their metabolism of glucaric acid.

However, these studies did indicate

that the products formed were two or three carbon intermediates of the same
types as those produced when glucose is metabolized.
Although this information about the utilization of glucaric acid by
various bacterial apecies was known, very little waa known about the ;
pathwa7(a) by which this sugar acid waa metabolized.
1.

Determination of the pathway was begun in 1958 when Blumenthal and
Campbell (5) demonstrated the formation of pyruvic acid from glucaric acid in
a ratio of l al when E.

~

was grown on a medium containing only glucarate

as a carbon and energy source.

It was further reported by Blumenthal (6)

that the intermediate produot in thi1 breakdown wa1 a keto•d•oxr to:rm ot th•
heJa!;ric acid.

He had also isolated the enzyme, D-glucaric acid debfdrase,

which brought about· this dehfdration.

The dehfdration was shown to occur at

either of two sites in the molecule, resulting in both 2-keto-,-deoxy- and
4-deoxy-5-keto- glucaric acid, with the latter com.pound being the major
product formed (a calculated 86 - 91%) (7).
Further research into the problem, using· Escherichia

~

as the

experimental organism, demonstrated that .two additional enzymes participate
in the breakdown of D-glucaric acid to pyruvic acid and glyceric acid.
These were identified as keto-deoxy-glucarate (KDG) aldolase and tartronate
semialdehfde reductase.

The KDG aldolase cleaves KDG to form pyruvic acid

and tartronate semialdehfde (TAS).

The TAS is then reduced by TAS reductase

to glyceric acid.

This same pathway, which will be referred to as the

glycer~te

~as

pathway,

also found in m9.ll¥ related Enterobacteriaceae as

their means for catabolizing glucaric acid (8).

The entire pathway, as

formulated by Blumenthal et al., is illustrated in Fig. 1.
A second pathway, the

~-ketoglutarate

pathway, for the metabolism of

glucaric acid has been found to exist in Bacillus megaterium (9,10), and in
pseudomonads (11).

The KDG, formed by the dehfdration of glucarate, is

probably dehydrated a second time to yield diketoadipic acid.

This compound

is deoarboxylated to form c<-ketoglutarate semialdehyde which is then
oxidized to o<-ketoglutaric acid.

This pathway is illustrated in Fig. 2.

The present study involves this same problem,

namely~

the metabolism

of D-glucario acid, but is concerned with the metabolic pathway vbioh is
followed by the fungi, with Aspergillus niger being utilized as the experimental organism.
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Pathway for metabolism of D-glucarate by the glycerate pathway in enteric bacteria.
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MATERIALS AND METHODS
Organism.

The experimental organism used in this project was the

Ascomyoete, Aspergillus niger.

The culture was originally obtained from the

American Type Oulture Collection, Strain No. 6275, and was maintained as a
stock culture tor class study in the Loyola University Department of Micro•
biology.

The culture was maintained on slants of Potato Dextrose Agar (Difeo

and grown on the glucarate medium as a submerged, aerated culture.
Media.

Since the purpose of the project was to determine the pathway

by which !.!_ niger metabolizes glucaric acid, a medium had to be defined in
which the organism could grow using the glucarate as its only carbon and
energy source. A solution of the required inorganic salts was prepared in
the following proportions a 0.008~ KH~4~ O.O"' NH4NO}' 0.()8% MgS04 1

o.ooo.lf6% FeSo4 •7H2o,

and o.ooo~ ZnSOi.-2H2'>•

This was adapted fr~ a medium

reported by Bernhauer, Siebenauger, and Tschinkel (12) when used by them in
studies using A. niger.

Although other salt solutions were tested, this one,

after addition of the glucarate, was found to result in the best growth of

!.:. niger, and so this was maintained as the standard inorganic salt solution.
Twenty g of D-glucaric acid, prepared

f~om

Oa glucarate•4 H2o by deionization,

were added per liter of salt solution to give a

2" concentration.

The medium

was then distributed in 50 ml aliquots into 250 ml Erlenmeyer flasks and
autoclaved.

The flasks of culture media were inoculated with spores of

!.:. niger taken oft slants of Potato Dextrose Agar, and placed on
shaker at

'O 0 tor tour days.

a.

rotary

About 5 ml of sterile water were added to a

6.

slant of A. niger that had been allowed to sporulate, the spores were
scraped off with a loop, and a l ml sample was pipetted into each flask.
The original carbon source used was D-Glucaric {Saccharic) Acid MonoPotassium Salt, obtained from Sigma Chemical Oompany.
found in prol1m1na.ry

etud~ee

to

con~in ~p~ritie~

Because this was

that

re~otod

in the

thiobarbituric acid test, it was decided upon to use a different form of
glucarate as the carbon source in the medium.

This source, which was then

used consistently throughout the project, was calcium glucarate {saccharate)
tetrahydrate O.P., obtained from Mann Research Laboratories, Inc., in New
York.

Since this calcium salt in insoluble in water, it was necessary to

remove the calcium ions in order to obtain an aqueous solution of the
glucarate.

Five g of the calcium glu~ar~te were added to 4o ml of Dowex -

50 W - Xl3 - H+ form, a cation exchange resin, and placed on a rotary shaker
for about 2 hr.

The deionized glucarate solution was then filtered out and

the resin washed twice with deionized distilled water.

The volume of the

glucarate was brought up to 250 ml {a 2% solution).

The pH of this solution,

2.8, was adjusted to pH 5.0 by addition of 1 N NaOH.

The optimwn pH for the

growth of.!!_ niger is 4.4 - 7 .5 (13).
The presence of arsenite in a culture medium is known to hinder
decarboxylation in cultures of !!, niger, and thus an a.ccummulation of o< keto acids would occur (14).

In order to trap such intermediates which may

be produced when glucarate is metabolized, cultures were grown in the usual
manner a four days incubation on a rotary shaker at

y..

~O

O in the

2%

gluca.rate

medium.
~

The medium was then removed and replaced by a 50 ml aliquot of the

glucarate medium containing 0.01 M sodium areenite (NaAs0 2 ).

The cultures

were replaced on the shaker at 'O O an additional two days, a:t'ter which time
the organism was removed by filtration and the filtrate was used for identification of o<-keto acids present by chemical and enzymatic methods.
flask contained

~bout

Jach

2 g (wet weight) of cells.

Oell-tree extracts.

In order to test for the presence of the dehy-

drase within the cells, it was necessary to disrupt the cells and release
the enzyme into solution.

Two methods were used to obtain such cell-free

extracts.
1. Grinding with glass beads.

The culture medium was removed and the

cells were washed with 0.05 M potassium phosphate bu:f':f'er.

The washed cells

were ground in a chilled mortar for about ' min with an equal weight of acid
washed glass beads (Minnesota Mining and Manufacturing Oo., Minneapolis,
Type

11,). The resulting paste was then washed into cold centrifuge tubes

with the phosphate buffer (pH

5.7)

and centrifuged in the cold at 12,000 X g

for 15 min to remove the glass beads and cellular debris.
dure was conducted at a temperature of 4
2.

Sonication.

o.

Washed cells were prepared in the same way as they

had been for preparation of extracts by grinding.
in 'O ml ot

The entire proce-

They were then suspended.

0.05 M potassium phosphate bu:f':f'er, pH 5.7, and the entire

suspension was placed in a continuous flow Rosett Cooling Oell.

This

container is designed to promote mixing ot the material being insonated

a.

while maintaining the low temperature required.

The cooling cell was im-

mersed in a salt-ice-water cooling bath which remained at -4 0 or below.
This prevented the temperature of the suspension from rising aboTe 4 C, thus
The cells were then disrupted by sonic

minimizing denaturation of proteins.

010111at1on fgr 10 min in a Branton Son1f1•r•

Qoll~l1r

41iri1 wit , ..,,,,

by oentrif'ugation at 12,000 X g in a Serval SS-1 centrituge in a cold room
for 15 min at 4

o. -

Analytical Methods.

The concentration of protein present in the cell-

free extract was determined spectrophotometricall7 according to the method of
Waddell (15, 16). According to this procedure, the cell-tree extract is
diluted with 0.05 M potassium phosphate buffer so that it measures between
•

an optical density of 1.5 and 0.5 when
a blank of the buffer solution.
at 225 nm.

r~ad

at a setting of 215 nm, against

The absorbancy of the solution is then read

The difference in these two readings is then multiplied by 144,

and the figure obtained from these calculations is considered equivalent to
the concentration of proteins in the cell-free extract inJJg/ml.
The presence of

~-keto-p-deoxyglucarate

(KDG) was assayed according

to the periodate-thiobarbituric acid test (TBA) for keto-deoxy sugar acids
of Weissbach and Hurwitz (16).
~I06

To 0.2 ml of sample, 0.25 ml of 0.025 M

(periodic acid) in 0.125 N HZ504 was added.

This mixture was allowed

to stand at room temperature for 20 min. After this time, 0.5 ml of 2%
Na.Aso 2 in 0.5 H HOl waa added and allowed to stand for 2 min.

Two ml of o.}%

tbiobarbiturio acid was then added, and the assa1 tube was placed in a

boiling water bath tor 10 min. Addition of the periodic acid causes a
cleavage of the KDG molecule in that position whete two h¥droxyl radicals are
I

found attached to two adjacent carbon atoms.

This results in the formation

ot formylpyruvate which then reacts with the thiobarbituric acid to form a
pink chromogen with an absorption maximum at

551 nm. After cooling of the

assay mixture, the absorbancy of the color produced is read at

551 :mn against

a blank which is carried through the whole procedure. A Beckman Spectrophotometer Model DB was used to read absorbancies.
The production of

~-keto

acids was determined by two methods.

By the

addition of O.l~ 2,4-dinitrophenyl~drazine in 2 N HOl to the sample being
tested tor the presence of ot-keto acids,

2,4-dinitrophenyl~drazone

•

vatiYes of the OC-keto acids were formed.

deri•

The intensity of the color of

these compounds can be determined in the Klett photoelectric colorimeter,
equipped with a filter haYing a maximum transmittance at

540

:mn.

This

procedure is found to be highly specific for the keto acids as a group (18).
The other method employed for detecting the production of c:(-keto
acids was the semicarbazide test of MacGee and Doudoro:f'f (19).

The reagent

used here contained l~ semicarbazide HOl in 1.5% sodium acetate trih¥drate;

1.5 ml of this reagent was mixed with 0.2 ml of sample and l.; ml H2o and
allowed to incubate at room temperature for

;o min.

After this time the

abaorbancy of the solution was measured in the Beckman DB Spectrophotometer
at 258 nm against a reagent blank.
It has been reported in studies conducted by Blumenthal and Fish (8)
(

10.

on the metabolism ot glucaric acid by
acid were tound in a lal ratio.

!!. ~

that glyceric acid and pyruYic

To determine whether glyceric acid was also

an end-product from the metabolism of glucaric acid

by~

niger, the colori-

metric test deYised by Bartlett (20) was used. According to this procedure,
ohromotropic acid,

wh~n

heated with glycerate in the presence of concentrated

sulfuric acid, produces a distinctive color which oan be measured spectrophotometrioally for-identification of the glyceric acid.
.

Under the condition

.

of the study being conducted here, the presence of glyceric acid was neYer
found as a breakdown product of glucaric acid by
Enzyme assays.

~

niger.

To determine whether or not D-glucarate

de~drase

was

present within the cell and initiated the first step of the breakdown of
glucarate to KDG, cell-free extracts
presence of glucarate

de~drase

•

wer~

prepared and assayed for the

(21).

Serological tubes containing O.l ml of the substrate disodium gluoarate
prepared in a concentration of 20 umoles/ml, 0.05 ml of 0.8 M Tris•HOl
buffer, pH 8.0, and 0.05 ml of

o.08

M Mgso4, were placed in a 'O 0 water

bath and allowed time to adjust to the incubation temperature.

At selected

time interYals, 0.2 ml ot the cell-free extract was added to each assay tube
and incubated for 10 min. The reaction was terminated by the
O.l ml 10% trichloroacetic acid (TOA).

addi~ion

of

Precipitates were removed by centri-

fugation and the supernatant fluid tested for the presence of KDG by the TBA
test.

This is the product which would be formed if the enzyme glucario

dehydrase were present in the cell.

The amount of KDG formed enzymatically

11·

could be calculated from the observed change in optical density in the TBA
test, using the molar extinction value of 60,000 (2-')•
The cell-free extract was also used to assay KDG utilization by the
procedure used for the enzyme KIXJ aldolase (22). While the

11 baeod on tho formation et XDG, tho JaXJ 1ldol111
disappearance ot XDG.

111ar

de~drase

assay

11 ua114 on th•

The assay procedure employed was similar to that used

in the glucaric dehydrase assay.

Serological tubes were prepared containing

0.1 ml of 0.07 M MgS04 and 0.02 ml of 0.5 M potassium. phosphate buffer, but
the substrate used in this assay was 0.00077 M KDG, prepared according to the
method of Blumenthal, Fish, and Jepson (2,), and dissolved in distilled,
deionized water.

The tubes were placed in the ;o 0 water bath and allowed

time to equilibrate.

The cell-free eict.raot was then added to the tubes and

allowed to incubate for 10 min, after which time the reaction was stopped by
adding O.l ml 10% TOA.
fuged

~upernatant

The TBA test was performed on a sample of the centri-

solution, and absorbancies were measured at 551 nm.

The

presence ot an enzyme was demonstrated by the marked decrease in KDG
originally present in the assay tubes.

However, since the products TSA and

pyruvate were not being measured at the same time, this assay cannot be
called a KDG: aldolase assay.
To calculate the amount of KDG present in the assay mixture, the
optical density of the sample in the TBA.test was multiplied by·2.5 (ratio
of the total volume of the assay mixture to the volume of the sample being
analyzed).

The product was then divided by the extinction coefficient of

12.

KDG, 60,000.

This converted the measured absorbancy of the assay mixture

into pmoles of KDG

pr~sent

in it.

Since it had been established by colorimetric procedures that o<-keto
acids were formed when glucaric acid was catabolized by A. niger in the
presence of arsenite, enzymatic assays were used to determine whether the
o<-keto acid formed was pyruvic and/or o<-ketoglutaric acid.

In testing for

the production of «-ketoglutarate, the enzyme L-glutamic dehydrogenase was
used.

The enzyme was obtained from Sigma Chemical Oo. es a crystalline

suspension in an ammonium sulfate solution.
in the enzyme to satisfy the NH; requirement.

Enough ammonium ion was present
The reaction catalyzed by this

enzyme was followed by measuring the oxidation of reduced diphosphopyridine
nucleotide (B-DPHN) at }40 nm.

Accordi~ to the procedure followed (24),

p-DPNH was prepared in a concentration ~f 8 X 10-; M by dissolving the
disodium salt in a 1% NaHCO; solution.

Into a 1 om cuvette, containing both

the test sample and DP.NH, 0.05 ml of the enzyme L-glutamic dehydrogenase was
added, and the change in optical density at }40 nm was measured.

From the

measured change in absorbancy, the µmoles of «'-ketoglutarate present in the
assay mixture could be calculated.
Two similar methods were followed in determining the production of
pyruvic acid (24, 25).

They used the enzyme lactic dehydrogecase and

measured, spectrophotometrioally, p-DPNH oxidation at }40 nm against a water
blank.

Into the cuvette were measured the substrate being tested,

and a buffer (one procedure used

o.o4

M triethanolamine buffer, pH

p-DPNH,
7.5,

while the other procedure used

0.05 M potassium phosphate buffer, pH 7.5).

At zero time the enzyme was added and the change in optical density per
minute determined.

The amount of pyruvate present in the sample being

tested was then calculated from the formula a

A

o.~. ~

aesay mixture, where V • volume of the assay mixture,
coefficient of DPNH, and d

~

! • µmoles pyruvate/
=the

extinction

=light path of the cuvette in cm..

..

)

14.

RESULTS
Although it was reported (1) that glucaric acid was produced by
Aspergillus niger when grown on a glucose-containing medium, considerable
difficulty has been experienced by those trying to grow the organism on a
medium containing only glucarate as the sole carbon and energy source.

In a

survey conducted by Fish (26) on a variety of micro-organisms-grown on a
glucarate medium as compared to the same micro-organisms grown on a glucosecontaining medium, !!. niger was found to grow very slowly and to onl)r a very
slight extent.
When glucose was substituted for glucarate in the medium used in the
present investigation, the individual spores were found to germinate into
•

small, spherical colonies with mycelia coveting the surface, giving the
appearance of white, fuzzy spheres.

The spores inoculated into the glucarate

medium germinated into gray colonies, devoid of mycelia, requiring a longer
growth period than those inoculated into media containing glucose, and
growing to only about one-half their size.
submerged cultures on a rotary shaker at

Both of these were grown as

'° o.

Although less luxuriant than
I

'

Ii

the growth on glucQse, sufficient growth was obtained on glucarate to make a
metabolic study possible.
Since it had been reported in the studies already cited that KDG was
the initial intermediate product of glucarate metabolism by different
bacteria using either the glycerate or o<-ketoglutarate

pathw~ys,

the

possibility of this being the intermediate product.when!!, niger metabolized

1'.

glucarate was first investigated.

The assay procedure for KDG involves

formation ot a chromogen which can be measured spectrophotometricall1, thus
determining the presence of KDG in the original sample.
A certain amount of difficult1 was experienced in this phase of the

investigation.

As conducted here, a pink color should have developed only

in those assa1 tubes in which KDG was present.

However, the pink color

developed even in the controls, which were samples taken from the sterile
glucarate medium before being inoculated with a spore suspension of!.!_ niger.
This indicated that the commercial glucarate source, or the

~ono-potassium

salt, was not pure D-glucaric acid, but contained at least trace amounts of

KDG.

In order to obtain pure glucarate for use as the carbon source in the

growth medium, calcium glucarate (sac~harate) tetrahydrate was used.

It was

necessary to pass this compound through a cation exchange resin to remove
the calcium ions and allow the glucarate to go into solution.

From this

procedure a pure glucarate source was obtained which was subsequently used
in the growth medium and as the control in the test for KDG, giving a reading
of zero optical density, at a wavelength of

551 nm. Using the purified

glucarate source, it was possible to demonstrate formation of KDG from
glucarate by means of the TBA assay.

The scheme for the reaction which

occurs when KDG is assayed according to the TBA procedure is illustrated in
Fig.

~.

This

producti~n

of KDG from glucarate involves a deb¥dration, and so

enz1111e assays were run to establish the presence of a

de~drase

within the
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Scheme tor the reaction of the TBA test.
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.-

cells.

Cells grown on the glucarate medium tor 4 days were harvested,

washed twice and then suspended in 0.05 M potassium phosphate buffer, pH
and then disrupted for 10 min by sonic oscillation.

5.7,

The cell suspension was

then centrifuged to remove cellular debris, and the supernatant fluid, which
contained the enzyme traction, was removed.
As a method of determining the extent of cell disruption, the concentration of protein in the supernatant fluid was determined spectrophotometrically according

~o

the method of Waddell

(15, 16). This method was the

best suited tor the purpose since it did not require the addition of 8.Jl1'
reagents to the cell-free extract, nor did it destroy the sample. Also, the
cell-free extract was diluted in a phosphate buffer which would not interfere
with the reading of the absorbancy of the proteins, as other buffer solutions
have been shown to do (27). About l+o µg of protein/ml were released into
solution for 1 g wet weight of cells insonated.

By

thus determining the

presence of soluble proteins in the traction tested, a certainty was established that the procedure and duration of sonication were adequate tor
obtaining cell breakdown.
The remaining supernatant fraction was then assayed for dehydrase
·enzyme activity as described in methods.

Under the conditions specified,

1.0 ml of the cell-free extract, containing about l+o µg of protein/ml,
catalyzed the formation of 1.2 ,.unoles of XDG from 2.0 pmoles of D-glucarate,
a

59·"' conversion. This gave evidence that the glucarate had been

drated by an enzyme present in the crude extract.

18.

de~-

In the control tubes, in

which TOA was added before the enzyme extract, there was no change in
optical density; that is, no KDG was formed.
From the cell-free extract prepared by grinding the mycelia manually
using glass beads, lesser amounts of KDG were found to be produced when the

orud1 oxtraot wa1 added to gluoarato in tho OnZflll &lllJ• proiablJ duo to a
larger degree of denaturation ot the enzyme

~n

solution during the cell

breakdown process. The cell-free extract prepared by sonicetion wee also used to assay

tor enzymatic KDG utilization, as described in methods.

From the 0.077

µmole ot.KDG used as the substrate in the enzyme assay for KDG utilization,
0.026 µmole wee found to remain at the end of the reaction, indicating that
sufficient enzyme was present in the cell-free extract to break down 0.051
)DDOle, or about 66,2% of the XDG used.
The aemicarbazide test of MacGee and Doudorott (19) performed with
samples taken from the culture medium after growth of!.!, niger, demonstrated
the presence of ci<-keto acids as metabolic products of glucarate metabolism.
The organism was originally grown in the culture medium containing

2Jb

glucarate, and then these cells were harvested and washed with 0.05 M
potassium phosphate buffer, pH
metabolize glucarate in fresh

5.4 These washed cells were then allowed to

2"

growth medium with added 0.01 M sodium

arsenite to cause accummulation of d-keto acids.

Samples were remoYed at

regular interYals oYer a 24 hr period and the o<-keto acids were determined
using the semicarbaside test.

The observed change in optical density,

according to this procedure, indicated that o<-keto acids were being produced from the glucaric acid when metabolized by A. niger.

For the first

4

hr, samples were removed every half hour; after this, samples were removed
after 2 hr periods.
to ooour by "

The greatest concentration of oC-keto acids was found

br. Samples removed after this time showed no increase, and,

in most cases, by 24 hr a decrease in concentration was observed (Table 1).
Similar results were obtained when ci<-keto acid production was tested
according to the method of Friedmann and Haugen (18).

Samples for this

procedure were obtained in the same manner as for the semicarbazide reaction.
A great increase in the intensity of the color produced when
hydrazone derivatives were formed, measured at

540

dinitrophe~l

:nm in the Klett photometer,

•

indicated the increasing concentration o'f:' · o<-keto acids. ·
It has already been indicated that. glyceric acid, which was found by
Blumenthal and Fish (8) to be formed along with pyruvic acid in a lal ratio
when glucaric acid was catabolized by E.

~

not found at all after metabolism by !:_ niger.

via the glycerate pathway, was
This

analy~is

was performed

five timesc on two occasions samples were removed from the original growth
medium after

4 days growth of A. niger; three other samples were removed from

the arsenite containing medium atter "

hr incubation with the organism.

When heated with chromotropic acid in concentrated H2so , no color was
4
produced in a~ of these samples, and readings of zero optical density were
obtained.

The control, which was a solution containing 0.2 µmole of

glycerate, gave an optical density reading of

20.

o•.lfa.

-TABLE l
ol.-KETO ACID PRODUCTION

Total Q(-keto acid production as determined by the semicarbazide test of
MacGee and Doudoroft (19) measured at 258 nm.

Semicarbazide Reaction

O.D. 258

Time,
hr

Experiment Number
I

II

III

IV

v

Average

o.D. 258

0

o.,,

0.2,

0.17

o.,,

o.;a

0.29

0.5

0.5,

o.47

0;;7

0.50

0.5;

o.48

l.O

0.65

0.59

0.54

0.59

o.ao

o.6;

1.5

0.70

o.64

0.70

o.68

o.98

0.74

2.0

l.o;

1.04

1.1,

1.11

l.o;

1.07

;.5

1.55

1.69

1.6,

1.57

1.59

1.61

24~0

i.70

1.44

i.;;

1.29

1.5;

1.46

21.

Enzymatic analyses were used in an effort to identify the specif'ic
o<-lceto acids being formed, since both pyruvic and o<-ketoglutaric acids are
o<-keto acids.

When resting cell suspensions utilized glucarate in the

presence of arsenite, these analyses showed that both pyruvic and
glutaric acids were present in the supernatant liquid.

~-keto

Identification of

each of these products was based on spectrophotometric measurement of the
oxidation of DPNH to DPN, measured at an absorbancy of

'40 nm.

The results

from five typical experiments tor the determination of pyruvate and o<-ketoglutarate are summarized in Tables 2 and '•
The assay procedure tor the .identification of pyruvate utilized the
enzyme lactic dehydrogenase, which catalyzed the reduction of any pyruvate
which may have been present to lactic.acid in the presence of DPNH. Results
from experiments performed, as tabulated in Table 2, showed that from 190
JmlOles of glucarate added, a maximum average of
formed.

17' pmoles of pyruvate were

This is equal to a 91" production of pyruvic acid, on an equimolar

basis, or an

approxima~el7

lal ratio between the moles of glucarate added

and the moles of pyruvate formed.
For the identification of ci<-ketoglutarate, the enzyme glutamic
dehydrogenase was used.

This enzyme catalyzes the reductive amination of

any -<-ketoglutarate and NH' to glutamic acid with DPNH being oxidized to
DPN.

The enzyme assays, as ta.bulated in Table ' ' demonstrated that o<-keto•

glutarate was present as a metabolic end-product from the metabolism of
glucarate at a maximum average of 70.7 pmolea of -<-ketoglutara.te formed

22.

from 180.5 ,umoles of glucarate added.
production of

,9.2" of

Cl('-ketoglutarate from the glucarate, on an equimolar

basis, when metabolized by!!. niger •

.r

This would indicate an average

TABLE 2

PYRUVIO ACID FORMATION ·

Determined by aaaay with lactic dehydrogenaae in the presence ot DPNH,
meaaured at~••
LDH

p7ruTate C

· ) lactate

DPNnPN.

Pyruvate formed, JDOles
Experiment Number

Time,

Pyruvate
content
(avg.)
µmo lea

Net
Pyruvate
formed

(avg.)
µmoles

III

IV

v

4.91

0.98

• 11.77

7.}6

5.59

0.5

27.47

20.60

27.47

55.4}

}0.71

25.12

1.0

42.67

47.09

,9.7,

97.12

54.,5

48.76

1.5

6,.24

72.;9

86.,2

57.88

112.81

78.57

72.98

125.07

1,1.45

92.21

142.24

116.24

110.65

189.82

188~84

166.27

188.,5

178.72

17,.1,

179.52

176.08

176.08

161.86

174.71

169.12

hr

I

0

24.o

· 180.01

II

0

Zero howr samples were removed at'ter inoculation of the test medium, containing 190 JmlOlea of D-gluoarate, with the organism.

From the amounts of

p7ruvate already found in this.sample, there would. appear to have _been some
small carryover of pyruvate from the

origi~l

24 •.

growth

m~dium.

TABLE

~

o<'.'-KETOGLUTARIO AOID FORll.iATION
Datel'lllined by assay with glutamic dehydrogene.se in the presence ot DPNH,
measured at '40 nm.

NH'+ oC";..ketoglutarate

<

GDH
>.glutamate :

·DPNnm
Net
~-keto-

'rime,
br

ci<-Ketoglutarate form.ad, J-llllOlea
Experiment N1.1111ber

I

II

III

IV

v

~-keto-

glutarate glut.a.rate
content
:formed
(avg.)
(avg.)
µmoles
,..oles

0

20.1,

1,.84

12.58

. 15.09

24.84

17.,0

0

0.5

42.14

27.68

29.56

,0.82

27~67

,1.57

14.27

1.0

,,.78

47.80

46.2,.

4;.09

45.60

47.;o · ·

;o.oo

1.5

56.61

5,.78

55.14.

55.74

49.69

54.,1

;7.01

2.0

67.9,

69.19

71.71

.· 11.oa

. 67.9,

69.57

52.27.

a;.66

90.26

94.,,

a;.66

88.o6

87.99

70.69

89.6, .

86.49

86.17

86.49

s,.66

86.49

69.19

,.,
24.o

Zero hour samples were removed at'ter inoculation ot the test medium, containing 180.5 J-UllOles o:t'
oe-ketoglutarate

D-glu~arate,

alre~dy.found

with the organism. From the amounts o:t'

:in this sample, there would appear to have

been some amall carryover o:t' ce-ketoglutarate ·from the original growth
med11.1111.

DISCUSSION
From the results presented here, it would appear that Aspergillus
niger follows a metabolic pathway similar to; although not identical to,
those pathways already established for other micro-organisms.

Studies

conducted on various bacterial species have shown that two pathways exist
for glucarate metabolism.

Initially, using Escherichia

~

as the experi-

mental organism, Blumenthal and Fish (8) demonstrated that one mole of Dglucaric acid was converted to one mole each of pyruvic acid and glyceric
acid.

This pathway was shown to involve. a deeydration of the glucarate to

keto-deoxy-glucarate (KDG)

1

a cleaTage of the KDG to pyruvic acid and

tartronate semialdeeyde (TAS), and a reduction of the TAS to glyceric acid
(Fig. 1).

This same glycerate pathway was found to exist in a wide variety

of enteric. bacteria tested.
A second pathway for glucarate metabolism was found to exist in
Bacillus megaterium and pseudomonads (9 1 10 1 11).

In this pathway, glucarate

was deeydrated to Kin which was then deeydrated a second time to diketoadipic
acid, decarboxylated to c;(-ketoglutaric semialdeeyde, and then oxidized.
This pathway is illustrated in Fig. 2.
The present study concerned itself with the same problem, namely the
pathway by which D-glucaric acid is

metab~lized,

except that the experimental

organism utilized was Aspergillus niger, rather than a member ot the bacteria
species.
The first problem was to develop a chemically defined culture medium

26.

containing

D~glucario

acid as the sole carbon and energy source in which

the test organism could grow.

Once this was determined, various procedures

were employed in order to identity the steps by which the organism catabolized
the glucarate into products utilizable in the.already known pathways of
carbohydrate metabolism.
Since the development o:f' the TBA test (17), ma?J¥ investigators have
demonstrated the production of «'-keto-p-deoxy sugar acids as intermediate
products in the metabolism of ma?J¥ of the sugar acids.

These are formed by

a dehydration o:f' the parent compound and appear to be primary intermediates
in its degradation.

The production of

su~h

a keto-deoxy sugar acid was also

established in the present study when the presence of TBA positive material
was demonstrated to be present in the.supernatant liquid following glucarate
metabolism when measured at-an optical density o:f' 551 nm.

The first step in

the catabolism ot D-glucaric acid is therefore shown to involve a dehydration
o:f' the glucarate to yield keto-deoxy-glucarate (KDG).

Enzyme assays, using

cell-free extracts and known amounts of KOG, further demonstrated the presence o:f' the glucarate dehydrase enzyme which catalyzed the dehydration o:f'
the substrate to KDG.

Thus the :first step in glucarate metabolism appears to

be the same in all microbial species studied thus :f'ar.
By allowing resting cell suspensions to catabolize glucarate in the
presence o:f' arseni te, o<-keto acids aooummulated in the medium which were
identified by both colorimetric (Table 1) and .enzymatic reactions (Tables 2
and ,).

Both the semicarbazide test and the formation of

2J·

dinitrophe~l-

hydrazones showed that c;C'-keto acids were indeed being formed as endproducts of glucarate metabolism.

Assays for pyruvate and o<'-ketoglutarate

by enzymatic procedures showed that tor every two moles of glucarate utilized,
approximately two moles of pyruvate and approximately one mole ot o<-keto-

glutarate wero formed.
That KDG was actually an intermediate and was further metabolized was
also ·established.

KDG utilization by enzymes in the cell-free extract was

detected using authentic KDG under the assay conditions establiehed for KDG
aldolase.

A marked decrease ot KDG present in the assay tubes, when measured

by the TBA test at an optical density of

551 nm, demonstrated the presence of

an enzyme which catalyzed this disappearance of KDG.
was conducted in the presence of Mg

++•

,

b~cause

This

~ssay

procedure

XDG aldolase has been shown to

have an absolute requirement for this cation which both activates the enzyme
and is required tor maximum enzyme activity (26).

However, sinee the products

of KDG aldolase, pyruvate and tartronate semialdehyde (or the reduced TSA
product, glycerate) were not shown to be formed directly from the XDG, one
cannot say that KDG aldolase is actually present.

It is true that pyruvate

was shown to accummulate when glucarate was metabolized by whole cells in the
presence of arsenite.

However, glycerate, the product formed from tartronate

semialdehyde by reduction via tartronate semialdehyde reductase, was not
detected when analyses were performed on either cells from the original 2%
growth medium or from the medium to which arsenite had been
obTious that further

s~udiea

~dded.

It is

must be performed in order to establish the

28.

immediate product(s) of KDG metabolism in the cell-free extracts. As further
proof that KDG is an intermediate in glucarate metabolism, authentic KIXl was
shown to be utilized by mycelial suspensions of.!!_ niger.
At this point, it is not clear it the glycerate and/or the ci<-ketoglu~rate

used.

pathway, or another variation of glucarate catabolism 11 being

It is conceivable, for example, that the glycerate pathway is being

used and that, for some reason, the lipoic acid-mediated pyruvate dehydrogenase complex is not completely blocked by arsenite so that some

~-keto-

glutarate is formed via some of the reactions of the tricarboxylic acid cycle.
Also, conditions may not have been appropriate to allow the acoummulation of
glycerate so that it was :further metabolized via
a second molecule of pyruvate.

.
On the surface,

~-phosphoglycerato

to form

it would appear that pyruvato

and oC-ketoglutarate represent products of the glyoerate and o<'-ketoglutarate
pathways, respectively.

However, until direct evidence for the participation

of specific enzymes in these two pathways, such as KDG aldolase and tartronate eemialdehyde reductase in the glycerate pathway and o<-ketoglutarate
semialdehyde dehy'drogenase in the o<-ketoglutarate pathway, no specific
conclusions can be drawn.

It is likely

t~t

the' metabolism of glucarate in

A. niger is different in some respects than the metabolism in bacteria.

In

the enteric bacteria with the glycerate pathway, for example, the presence ot
arsenite does not allow the conversion of pyruvate to o<-ketoglutarate.

In

the present study there did not appear to be any indication that pyruvate
formation preceded o<-ketoglutarate formation, or

~

versa (Tablee 2 and ,).

In these analyses both products reached· a maximum after

~.5

hr.

Analyses

which had been contimied at 2 hr intervals for longer periods of time {not
shown in table) showed no further increase aft.er that time, and an analysis
after 24 hr indicated that there was no further formation ot either keto
acid.
Although there are

ma~

avenues of investigation still to be tested and

explored, an initial study of the metabolic pathway by which Aspergillus
niger oatabolizes D-gluoario acid has been presented here •

.50.

SUMMARY

Data obtained in this study has demonstrated that in the fungus
Aspergillus niger glucaric acid is catabolized by means of a pathway involving a . dehfdrase enzyme and an enzyme (s) catalyzing the breakdown of KOO.
Experimental results with araenite-poisoned mycelial suspensions .indicated
that for every mole of glucarate utilized, approximately one mole of pyruvate
was formed, and approximately

0.5 mole of of-ketoglutarate was formed. These

appear to be the major metabolic

end-pr~ducts

of glucarate metabolism, and

the small amount of carbon atoms still to be accounted for may be co 2 •. The
two end-products which have been identified are presumably metabolized
f~rther

by known pathways.

The presence of at lee.et two enzymes in the

pathway was also demonstrated.

D-glucaric dehydraae was shown to catalyse

the dehydration of D-glucarate to form. keto-deoxy•glucarate, and an enzyme(•)
.

.

catalyzing the utilization ot KJX) to unknown
products
was also shown to be
.
.
.
'

'

.

preeent.

.

.
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